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1.0 Introduction
Safety and protection analyses of subsystems become progressively more
important as the stored energy increases with each successive generation of
superconducting magnets. If the multigigajoule magnets for future fusion and
MHD facilities are to be operated reliably and safely, a thorough understanding
of this area is essential.
The U.S. MHD program has successfully built and tested a 185 ton, 170 MJ
superconducting magnet with a peak field of 7 T. A second magnet (240 MJ) with
comparable characteristics has been partially completed. The MHD program
recognized the need for, and has constructed, a test facility suitable for
investigation of large scale superconducting magnet operating characteristics
with emphasis on safety and protection issues.
The fusion program is moving rapidly into construction of larger and
larger magnets. The yin-yang at MFTF was operated early in 1982 and stores
409 MJ; the six coils at LCTF will store about 700 MJ; the MFTF-B coil system
will have a stored energy of about 1.6 GJ. Since generic safety and protection
issues are never resolved and well-documented during the fast pace of a
construction project, a jointly supported fusion and MHD safety program was
initiated and has been underway at MIT during FY81 and FY82.
During FY81 we reviewed large magnet safety problem areas, selected the
primary technical issues, conceptually defined safety related experiments as
extensions of our MHD program activity, and provided quench data from the
existing pool boiling MHD test modules for integration with computer analyses
at ANL.
Our FY82 effort in safety and protection focused on tests and analyses
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in the following areas:
a) Short Circuit Performance in the 30 T Hybrid Magnet
The 30 T hybrid magnet at MIT consists of an 8 T superconducting magnet
with a bore of 36 cm into which Bitter type solenoids may be mounted to raise
the total field to 30 T. Late in 1981, an operator-induced failure led to
damage of a Bitter solenoid and to development of a short circuit in the
superconducting coil. The coil is well instrumented with voltage taps and
present indications are that performance will not be severely limited. As
part of our safety and protection program, we have reviewed the data available
and are continuing to monitor coil performance. In this report we present the
results of preliminary analyses which confirm many of the observed coil
characteristics and indicate likely performance under fast discharge conditions.
b) Arc Voltage/Current Characteristics in Simulated Windings
Winding construction details and circuit parameters conducive to arc
initiation or extinction is an area of general interest for all designers of
large superconducting magnets; such information is necessary for safety
related system analysis. This activity has continued in FY82 with models
simulating a large conductor winding package constructed with intentional
flaws to allow measurement of the minimum voltage required to sustain an arc.
The models have been operated in a liquid helium environment as well as at
liquid nitrogen and room temperatures. Results obtained this year indicate
that the minimum voltage required is in the 30-40 V range in all cases. Present
plans call for initiation of a master's level thesis in FY83 to further
investigate this problem.
c) Vapor-Cooled Lead Burnout
The burnout of a vapor-cooled lead was experienced as part of an experiment
in another program at FBNML when it was driven into an overload condition at
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the 9000 A level. Some voltage drop versus time data is available on the
lead and it was analyzed as part of this year's safety activity. An
analytical model led to a prediction of the burnout current level within 5% of
the measured value. A simple criterion is presented which will require con-
firmation with results from other leads, if and when such data become available.
d) Acoustic Emission
In view of indications from smaller scale tests that acoustic emission
sensors can provide a global monitoring of coil performance, we have mounted
sensors on several large magnets as part of our program. Characteristic
signatures from devices of this type monitored on successive magnet cycles may
be able to imply impending failure in the same way that historical comparisons
of voltage/current and field profile data on some conventional magnets have
been used at FBNML. Output may also be able to be correlated with quench
conditions so as to provide a means for quench discrimination relative to
other system "signals."
This activity has received a minor contribution from our safety program,
because it is viewed as a long term development effort. However, it is
potentially useful as a global monitor of magnet integrity and is, therefore,
of interest. This report presents some of the AE data collected from the
recent successful test of the 400 MJ yin-yang superconducting coil pair at
LLNL.
e) Joint MESA/MIT Safety Activity
MIT was separately funded by MESA Corporation to particip.Le 4n safety
analyses for the Large Coil Test Facility. The effort was monitored by INEL;
hence, results are summarized in this report for completeness.
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2.0 Technical Progess
2.1 Short Circuit Performance in the 30 T Hybrid
The 30 T hybrid magnet system at FBNML was successfully tested in 1981
and is described in Leupold1 . A summary of its characteristics is given in
Table 2.1.1. It consists of a nested pair of Bitter-type water-cooled
solenoids mounted in the bore of a superconducting solenoid such that their
combined fields produce up to 30 T.
.The major components of the 7.5 T superconducting solenoid are shown in
Figure 2.1.1. It consists of 22 double pancake coils mounted on a common
core tube. Figure 2.1.2 shows a double pancake during the winding process.
In this view, the first layer of the double pancake is complete and visible
through the layer-to-layer insulating strips whereas the second layer is
about half wound. Figure 2.1.3 shows the stack of double pancakes before
the layer-to-layer joints were complete.
Figure 2.1.4 is a sketch of the relative position of the superconducting
and Bitter solenoids which produce 29.5 T at r = z = 0 when their current
levels are 1.5 and 39 kA, respectively. The superconducting coil has a
dedicated power supply and protection circuit, whereas the Bitter solenoids
are powered by the main DC power supplies at FBNML. In late 1981, the
superconducting coil was operating at about 1 kA when the Bitter solenoids
were accidentally partially excited in the field opposing configuration.
The result was a displacement of, and some damage to, the Bitter solenoids.
Subsequent charging of the superconducting coil indicated that an internal
short circuit was present. The coil is instrumented with voltage taps to
each double pancake and present indications are that performance will not be
1 M.J. Leupoid,J.R. Hale, Y. Iwasa, et al., "30 T Hybrid Magnet Facility at
the FBNML," IEEE Tranasactions on Magnetics, Vol. Mag-17, No. 5,
pp. 1779-1782, September 1981.
4
Table 2.1.1
HYBRID NAGNET CHARACTERISTICS
Central Field (T)
Bore Diameter (m)
Winding Length (m)
Operating Current (kA)
Power (MW)
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BITTER
22
0.035
0.34
39.5
7.7
SC
7.5
0.356
0.51
1.5
HYBRID
29.5
0.035
7.7
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Figure 2.1.1 7.5 Tesla Superconducting Magnet Assembly
for the 30 T Hybrid System
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Figure 2.1.2 Double Pancake Being Wound for the Superconducting Magnet
Figure 2.1.3 Stack of 22 Double Pancakes Being Assembled
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7
'-4
M
I
22
21
20
19
18
17
15
14
13
12
11
10
9
8
7
6
5.
4
3
2
Superconducting
Solenoid
Short Circuit
Locations
I I I I
0.0 0.1 0.2 0.9
R ( m)
0.4 0.5 0.6
Figure 2.1.4 Relative Position of Superconducting and Bitter Solenoids
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severely limited.
Iwasa2 deduced that there was a short circuit located between double
pancakes 6 and 7 near the outside of the coil from: 1) comparisons of
impedance measurements before and after the event, 2) comparisons of impedance
measurements while controlling the LHe level in the coil and 3) consideration
of construction details. In this report, we assume the location of the short
circuit and estimate its magnitude based on comparisons of some of the data
with analytical results then proceed to estimate the coil characteristics under
selected fast discharge conditions. In FY83, calculations will be refined
and system characteristics under other discharge scenarios will be considered.
A circuit representing the superconducting coil is shown in Figure 2.1.5.
The solenoids consists of 22 double pancakes with 72 turns per pancake for a
total of 2(22)(72) = 3168 turns. Double pancakes 1 to 5 and 7 to 22 are shown
as single inductors. Coil 6 is divided into two pancakes with 72 turns
each where two turns in one of the pancakes is short circuited by a resistor,
Rsh. The power supply is assumed to provide a constant voltage, V applied 
as
a step function at t = 0 to initiate flow of the current I,. The resistor,
R(t) is usually zero, but represents a normal zone in the coil which can be
initiated if a sufficient amount of heat, Q, is produced by dissipation in the
short resistor, Rsh. An equivalent circuit (except for a shift in voltage
reference) is shown in Figure 2.1.6 together with the parameter values for the
analysis which follows. The voltage measurements were taken across entire
double pancakes or coils. In particular, we shall be using the voltage across
coil 6 in Figure 2.1.5, which will include part of L1 in Figure 2.1.6. In
other words, V6 in Figure 2.1.5 corresponds to a voltage between points
such as "a" and "b" in Figure 2.1.6. The short resistor, Rsh, has not been
2 Y. Iwasa, M. J. Leupold, R.J. Weggel, J.R. Hale and J.E.C. Williams, "Diagnosis
and Analysis of an Electrical Short in a Superconducting Magnet," to be
presented at Applied Superconductivity Conference, Knoxville, TN., Dec. 1982.
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Figure 2.1.5 Circuit representing the Superconducting Coil
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specified since its magnitude will be estimated from the measured character-
istics.
The qualitative character of the voltages and currents in Figure 2.1.6 are
illustrated in Figure 2.1.7 for three assumptions regarding Rsh and R(t). For
all three cases all currents are initially zero and a step voltage is applied
to the entire coil at time t as shown in the top figure. Case A corresponds
to R(t) = 0 and R = (i.e. - no short circuit). This results in a step in
voltage, Vab, at some fraction of the applied voltage, no short circuit
current, Ish' and a ramp in coil current, I l Case B assumes R(t) = 0 and
Rsh to be finite which leads to a voltage Vab and current Ish which exponentially
approach constant values with a time constant depending on Rsh. The coil current,
I , first increases more rapidly than under usual conditions because the current
can shunt around part of the coil. Note that Ish is the current through the
short resistor and that the current through the shorted part of the coil is
- Ih) which is not shown. The relative size of the currents in the three1sh
branches will be strongly dependent on the relative magnitude of the circuit para-
meters (i.e.-how much of the coil is shorted and how low is the short resistance).
Case C in Figure 2.1.7 is initially identical to case B where R(t) = 0
and Rsh is finite. However, at point 1 it is assumed that R(t) is turned on.
ssh
The added resistance for the loop current I sh leads to a decay in its value
toward another level, but at point 2 we set R(t) = 0 again which allows Ish
to recharge toward point 1' whereweagain insert the resistor R(t). Ish
again decays until R(t) is set to zero at point 2' and left at zero so the
case ultimately rejoins case B. Turning R(t) on and off generates a spike
in the voltage Vab and an oscillation in Ish and II.
The resistor R(t) will be assumed to be a propagating (k > 0) or recovering
(R < 0) normal zone which can be initiated by heat generated by Rsh. In a
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Figure 2.1.7 Qualitative Performance Characteristics
for the Circuit in Figure 2.1.6
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well cooled coil such as the one under consideration, R(t) would be initiated
when the heating achieved a threshold value, Q t. Recovery would then not
occur as long as the heating rate were greater than another value, QR which may
be less than Qt depending on the details of the cooling environment and, in
particular, the helium boiling curve.
In charging the coil, different voltages applied to the coil would lead
to different values of Ish depending on Rsh, but it is reasonable to expect
that the threshold power sh sh = for initiating R(t) would remain about
the same since the event depends on magnitude of heating and cooling rates.
Figure 2.1.8 is a tracing of some of the data from the 7.5 T supercon-
ducting coil. The upper trace is total coil voltage vs. time and is divided
into four regions corresponding, in essence, to step voltages of 6, 7, 8 and
9 volts. The lower trace is the resulting voltage across coil 6 (see Figure
2.1.5) which is also Vab in Figure 2.1.6. In region I (6 V across the total
coil), the measured coil 6 voltage is similar to that in case B in Figure 2.1.7
and the results for regions II, III and IV are similar to case C. If we
postulate that the voltage spikes AVab in Figure 2.1.8 are produced by R(t)
being turned on and off by the heat from Rsh passing through threshold and
recovery values Qt and QR' then the results imply that Rsh and Qt are such
that a 6 V total coil voltage is insufficient to initiate R(t). For total
coil voltages of 7, 8, and 9 volts,. the time interval, th, is approximately
equal to the time required for Ish o charge up to the threshold heating level
and the time interval, tr, is approximately equal to the time required for the
normal zone to grow and recover. Table 2.1.2 summarizes some of the data from
Figure 2.1.8.
First, consider the time required to achieve a heating threshold. During
this time we shall assume that R(t) is zero and calculate the current through
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Figure 2.1.8 Tracing of Measured Voltages Across Entire Coil and Across
Coil 6 for the Superconducting Coil While Charging
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TABLE 2.1.2 - SC COIL VOLTAGE CHARACTERISTICS
(see Figure 2.1.8)
region total voltage time to time to
coil across initiate propagate
voltage segment 6 normal zone and recover
(V, v.) (V6, v) (th, s.) (tr, s.)
1 6 0.25 NA
II 7 n, 0.28 3.44 < 0.5
III 8 % 0.32 1.59 0.5
IV 9 " 0.36 1.06 .5
11
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the shorted coil (I - 1sh) and the power dissipated in Rsh as a function of
Rsh. Figure 2.1.9 and 2.1.10 give these results as a function of time for
a total coil voltage of 6 V. The figures indicate that the shorted coil
current approaches a steady state value which decreases as Rsh increases and
that the power,Q, available to initiate R(t) passes through a maximum as Rsh
increases for a given instant. The measured result for region I in Table 2.1.2
implies that even though we don't know Rsh, it must be large enough so that
the dissipated power Q is small even when the steady state is reached for the
6 V total coil voltage because there is no voltage spike and, therefore, no
normal region.
Figures 2.1.11 and 2.1.12 are for a total coil voltage of 8 V and are
comparable to the previous two figures. In this case, however, Figure 2.1.8
and the measured result for region III in Table 2.2.2 imply that a threshold
power is achieved in 1.59 s. This time is indicated in Figure 2.1.12. The
intersections with the R sh curves represent the range of threshold powers as
a function of R sh Similar plots were constructed for a total coil voltage
of 7 V and 9 V and intersections taken at 3.44 and 1.06 s, respectively
(see Table 2.1.2). Results are plotted in Figure 2.1.13. Ideally, the
three curves should intersect in one point representing the value of Rsh and
the threshold power implied by the data. The intersection is actually
bounded by a small triangular area and the values selected are Rsh = 9.4 pn
and Qt = 2.9 watts. As a cross check we note that Rsh = 9.4 pQ does not
achieve the threshold value of 2.9 watts for a charge voltage of 6 V in
Figure 2.1.10. This is consistent with the lack of voltage spikes (i.e.
R(t) not initiated) for 6 V in the data in Figure 2.1.8.
The resistance R(t) is unknown; however, the normal resistance of one
turn at 4.2 K is about 27 pQ* and the time to propagate and recover R(t) is
* Y. Iwasa, internal memo to Hybrid file, 12/21/81
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about 0.5 s (Table 2.1.2). It is, therefore, reasonable to select i(t) =
+ 54 yQ/s as an order of magnitude approximation. We will now assume that
when the coil is charged, R(t) = 0 initially then R = + 54 y2/s begins when
sh Rsh Q exceeds the threshold value of 2.9 watts. R(t) will continue
to grow until Ish decreases to a point where a recovery heating level, Qr is
achieved at which time R(t) = - 54 pQ/s. Qr is unknown, but will be assumed
to be 1.5 watts in the examples which follow.
Figures 2.1.14 , 2.1.15 and 2.1.16 present calculated results corresponding
to an 8 V total coil charge voltage. The current through the short resistor
increases until point 1 where R(t) is turned on because the threshold power
exceeds 2.9 W. This causes Ish to decay and i(t) to reverse sign* when Qr <
1..5 W. Eventually R(t) is small enough so the loop charges again. The cycle
continues as the threshold and recovery heating levels are repeatedly exceeded.
The current through the main coil is initially zero and charges slowly on this
time scale as shown in Figure 2.1.15 The oscillation of about 200 A through
the short has little effect on the current in the main coil as indicated by
the slight wiggle in Figure 2.1.15. The current through the shorted coil
section is (I - I ) as indicated in Figure 2.1.6 so it experiences nu 200 A1 sh)
oscillation even though the main coil does not. The calculated voltage across
coil 6, Vab, is shown in Figure 2.1.16. A comparison with the data in region
III of Figure 2.1.8 and Table 2.1.2 indicates that results are of the proper
order of magnitude and exhibit the proper characteristics qualitatively.
Operational experience indicates that the superconducting coil can be
charged without inducing normal zones by using charge voltages of 6 V or less.
Because of the well-cooled nature of the coil, higher charge voltages may be
* R(t) is constrained such that R(t) > 0 always.
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used, but a relatively small normal zone repeatedly propagates and recovers
as the threshold heating level from Rsh varies. The net result is that
operations are not hampered. However, it is also obvious that in coils with
less-well-cooled designs or for other short circuit locations, normal zones
could be initiated and not recover until the voltage becomes so small that
operation is impractical because of the resulting excessive charge time.
The presence of a short circuit of this magnitude in the assumed loca-
tion will still allow the superconducting coil to be charged to the operating
level for this system. At this point, if a fast discharge is necessary, the
consequences must be evaluated. For this case the circuit is identical to
that in Figure 2.1.6 except that the voltage source is replaced by a dump
resistor, Rd = 0.3 2 for this case, and that the initial currents are I I I
and Ish = 0. We again assume Rsh = 9.4 ii' Qt = 2.9 W and Qr = 1.5 w.
Figures 2.1.17, 2.1.18 and 2.1.19 show the calculated currents normalized to
the initial current, I, as functions of time. Two curves are shown in each
figure and correspond to R(t) = + 54 PQ/s and i(t) = + 108 pa/s. The latter
was computed because, for large initial currents, the current transient in
the shorted coil section (Figure 2.1.19) should be high enough to drive
the entire shorted section above the critical current thus increasing R(t)
more rapidly. In either case, the current through the short resistor, Ish
and through the shorted coil section (I - I sh) can be several times the
initial current I . This can lead to a Q of several hundred watts with the
potential for vaporizing the short circuit material if it is a chip or
welding the conductor together if contact is direct. The current through
the main coil is essentially unaffected as shown in Figure 2.1.18.
The current through the shorted coil section (I1 - 1sh) is given in
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Figure 2.1.19 and can lead to a relatively large excursion in local force.
This is essentially proportional to (I - I h) since the local field is due
1 sh
primarily to I which is unaffected. Note that the excursion decreases if
k(t) grows more rapidly.
The assumed location of the short resistor in the superconducting coil
allowed us to estimate its magnitude and the magnitude of a threshold power
level for normal zone initiation by comparing analytical results with the
time intervals determined in the voltage measurements. Next, the rate of
change of resistance for a propagating or recovering normal zone was
postulated together with the value of heat generation for which recovery
could begin. This led to a good qualitative and quantitative correlation
with voltage measurement data.
The superconducting coil for hybrid is well cooled (i.e. - high degree
of stability) and, therefore, is able to be charged to its design current
level. However, the presence of the short must be evaluated for its effect
in the event of a rapid discharge from a high initial current level. Present
estimates indicate that the discharge characteristic of the main coil would
be unaffected but that currents equal to several times the initial main
coil current would be driven through the short resistor and the shorted
section of the main coil. With the parameters used in these calculations
the potential exists for vaporizing the short resistor if it is "chiplike"
or welding the conductors together if it is a direct contact short. Because
of the construction, the latter is considered unlikely. In addition, local
forces on the shorted coil section can be expected to be several times the
usual operating level. These effects will be considered further in FY83
together with the sensitivity of the results to the assumed location of Rsh'
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2.2 Arc Extinction Voltage Measurements
The arc extinction voltage is defined as the minimum voltage necessary
to sustain an arc of electric current. Tsukamoto and Iwasal obtained a set
of data on arc extinction voltage between copper electrodes in liquid helium.
The work reported here presents additional data on arc extinction voltage
obtained during FY82. Data were taken for copper electrodes in liquid helium,
in air, and in helium gas at room temperature and in liquid nitrogen.
Figure 2.2.1 shows the circuit which was used. The resistor R represents
the lumped sum resistance of the circuit; it was about 14 m2. The variable
inductor L was introduced in the circuit to control the rate of increase of
arc current. The capacitor bank had a total capacitance of 80,000 pF. The
current was initiated with an SCR circuit. A typical set of current and
voltage waveforms with a shorted pair of electrodes is shown in Figure 2.2.2.
Because the experiment's chief objective was to study arc voltages between
copper composite superconductors, we chose copper as the electrode material.
The basic electrode configuration is shown in Figure 2.2.3 and consists of two
copper electrodes separated by an insulation spacer made of glass-fiber -
reinforced plastic (G-10). The insulation thickness controlled the electrode
spacing, which was one of the experimental variables. For each measurement,
the electrodes were initally shorted by a copper fuse made of a thin strip
of wire to simulate metal chips shorting two adjacent conductors.
Figure 2.2.4 shows a multi-electrode test rig used for this series of
measurements. The rig contains 12 pairs of electrodes on a circle, all pairs
separated by the same insulator sheet of a given thickness. Each pair was
1 0. Tsukamoto and Y. Iwasa, "Arc Extinction Voltage Between Copper Electrodes
in Liquid Helium--Application to the High Voltage Discharge of Super-
conducting Magnets," Presented at the 9th Int'l. Cryogenic Eng. Conf.,
May 1982, (Kobe, Japan).
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fired one at a time. This configuration permitted collection of 12 data points
for a given combination of experimental variables, thus enabling us to examine
the extent of data scatter.
Figure 2.2.5 shows a typical set of arc current and arc voltage plots
vs time taken with a pair of electrodes in liquid helium. The circuit had an
inductance of 6.4 pH and the electrode spacing was 1.8 mm. Note that after
t ru 2 ms, the arc current and voltage waveforms have almost the identical
time dependence, suggesting that the arc may be modelled as a constant resistor.
At t & 8 ms, the arc voltage drops to 40 V and the arc is extinguished. Just
before this moment, the arc current is about 50 A.
Table 2.2.1 summarizes the data collected in this series of measurements.
The table indicates that four different environments were used for electrodes:
(1) air at room temperature, (2) helium gas at room temperature, (3) liquid
nitrogen at 77 K, and (4) liquid helium at 4.2 K. Except where noted, the
insulation thickness--the elctrode gap--was 1.8 mm. The table also lists the
circuit inductor and the number of samples for each set of measurements. Arc
extinction voltage values are given in terms of the mean, standard deviation,
minimum and maximum values for each set of measurements. In addition, the
average value of the peak arc current (Ip in Fig. 2.2.5) is given for each set
of measurements.
Table 2.2.1 shows a rather weak dependence of arc extinction voltage on
whether the gas is helium or nitrogen. The ionization voltages are 24.5 V and
54.4 V for helium and 14.5 V, 29.6 V, 47.4 V, and higher values for nitrogen.
We are considering whether the dominant value is 24.5 V for helium and 29.6 V
for nitrogen. Below 29.6 V, perhaps other factors influence the arc extinction
voltage and the nitrogen arc cannot be sustained for voltages between 14.5 V
and 29.6 V.
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TABLE 2.2.1
SUMMARY OF ARC EXTINCTION VOLTAGE DATA
.*
Environment
Air
L
(47.
47.7
No.
of
q pls
4
1
Arc. Extinction Voltage
(V)
f n_; ii
44.5
34.5
St. Dv .
2.14.5
----
41 n
41.8
Mean Peak
Current
1133
1020
ie Gas 7 12 30.5 1.6 34.5 28.6 1378
12 30-4 3.5 39.8 25.9 1397
LN 2  47.7 12 34.7 2.A 39.8 30.5 1237
5 32.3 2.4 35.9 29.2 933
1 30.5 -- -- -- 928
6.4 7 38.1 3.7 41.5 31.9 2147
2 1133.6 5 3.9 33.2 1577
Lile
LHe
(qap: 0.7mm)
LHe
4'7
6.4 1
47.7
21
11
5
15
9
' 9
5
1
12
38.3
32.7
33.2
36.7
33.1
31.7
29.8
33.2
32.3
3.5
2.7
3.3
1.7.
1.6
1.4
1.8
3.2
lt 1t 11 7
47.7 12
12
32.2
32.1
1.6
1.1
45:2
35.9
37.2
39.8
35.9
33.2
31.9
37.2
35.5
34.5
34.5
25.9
28.6
33.2
30.5
29.2
27.9
26.6
29.9
30.5
1385
1082
1182
2473
1981
1908
1896
1523
11 1438
*Except where noted, electrode gap = 1.8 mm
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It is also interesting to note that there is little difference between
data of gaseous helium at room temperature and of liquid helium at 4.2 K.
This may be because the arc itself is very hot and surrounded by a volume
of gaseous helium which shields the arc from its environment. Results are
preliminary and will be investigated further during FY83 because of the
importance of this type of information in large coil behavior.
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2.3 Vapor-Cooled Lead Burnout
Vapor-cooled current leads are a necessary component in any superconducting
magnet system. Their function is to carry current from the bus at room temp-
erature to the magnet terminals at LHe temperature. The heat load on the
helium bath due to ohmic heating in the lead and due to conduction along the
lead from room temperature is reduced by passing a fraction of the boiloff
helium vapor from the system along the lead to intercept the heat flow. The
prevention of lead burnout in a large system is critical because an open lead
opens the coil terminals which, in a charged magnet, results in an arcing condition
to dissipate the system energy.
During FY82, an experiment involving a high current, superconducting
component was carried out as part of another program at FBNML. During the
course of the experiment, the vapor-cooled leads were operated beyond their
rated capacity and a burnout occurred. The operating data on the leads were
limited, but were made available to our safety program for analysis.
Several papers are available on vapor-cooled lead design (e.g., Lock'
and Williams2); however, they usually concentrate on optimization for the
operating condition. Analyses rapidly become complex because of the nonlin-
earity of material properties, but the goal of this task was to attempt
prediction of the burnout current level without resorting to extensive numeri-
cal techniques. This would provide a means to cross-check more elaborate
calculations from a safety standpoint. In this case, the burnout current
level was analytically predicted to within 5% of the measured value. Appli-
1 J.M. Lock, "Optimization of Current Leads into a Cryostat," Cryogenics,
9(12):438, 1969.
2 J.E.C. Williams, "Counterflow Current Leads for Cryogenic Applications,"
3(12):234, 1963.
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cation of the method to other instances would be desirable to test its
generality.
Figure 2.3.1 (Efferson 3) is a "blow-apart" diagram of the type of
lead under cosideration. Current enters the lug at room temperature, then
passes through many parallel tubular braids of copper to a low temperature
lug (B). The tubes are surrounded by a stainless steel jacket (ST) and
carry He vapor from the bottom to the top. Each tubular braid is the outer
conductor of a coaxial wire. The inner wire is removed in the construction
process together with its teflon insulation in order to form one of the
coolant passages for the lead.
A schematic of the experiment is shown in Figure 2.3.2. Two pairs of
leads were used in parallel to excite a high current experiment. Each lead
was rated at 7 kA; however, they were operated beyond this level and
eventually two leads burned out at 8.95 kA per lead. A current profile for a
lead during the experiment is shown in Figure 2.3.3 which implies that
operating times were sufficiently long for a steady state thermal analysis
to be assumed. The figure shows a stepwise increase in current with time until
burnout occurred at point "d". Photographs of the leads are shown in Figure
2.3.4. The stainless steel jacket on one lead was cut and peeled back to
expose the fused copper braids. Measurements indicate burnout at about 74%
of the distance from the cold inlet end to the warm end.
The lead may be considered to be a one-dimensional heat exchanger subject
to conduction along its length, local ohmic heating and local heat transfer
to a gas at the same temperature as the lead. The specific heat of the gas
and the thermal conductivity and electrical resistivity of the copper are
3 K.R. Efferson, "Helium Vapor Cooled Current Leads," Rev. Sci. Inst., 38(12):
1776, 1967.
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Figure 2.3.1 Schematic of Vapor Cooled Lead Construction
(from K.R. Efferson, "Helium Vapor Cooled Current Leads,"
Rev. Sci. Inst., 38 (12): 1776, 1967).
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functions of temperature; however, the latter exhibits the strongest variation.
The results below follow the model developed by Williams2 in solving the case
of a linear variation of resistivity with temperature while other properties
are held constant. However, the parameters and solution are presented in
somewhat different form.
The governing differential equation may be written as follows in dimen-
sionless form:
d29 .dG
de - dn + R =0 (2.3.1)
where: 
-T T b
T h-TbTh b
'n =x/
a A k (2.3.2)A k
0
22
- oi (I/A) (2.3.3)k (h 
- Tb
R p/p = 1 + FO (2.3.4)
T = temperature of lead and gas at x
Tb = lead temperature at x = 0
Th = lead temperature at x = k
k = lead length
m = mass rate of flow of coolant
C = specific heat of gas
A = cross-sectional area of lead
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Figure 2.3.4 Vapor cooled leads rated at 7 kA and
burned out at 8.95 kA. (Stainless
steel jacket cut and peeled back
after burnout).
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r
~
k = thermal conductivity of lead
I = current
p0 = electrical resistivity at Tb
p = electrical resistivity at T
F = slope of resistivity function
In (2.3.1), the parameter a is a measure of the local heat transfer to
the coolant relative to the local conduction along the lead and the parameter
6 is a measure of the local heat generation to local conduction. Once the
strength of the resistivity variation is specified by selection of F, the
solution to (2.3.1) is dependent only on the dimensionless parameters,
a and a.
If (4F/a2) > 1 then it may be shown that
0 = eaT/2 (C sin bn + F- 1 cos bn) - F- 1  (2.3.5)
where: 
_ a
C = (sin b)ie 2 (1 + F-1) -F cos b
b = 2Fj2 a
If (4aF/a 2) < 1 then
e = C em21 + C3 em3n - F- 1  (2.3.6)
C 1 + F-
1(l - em2
3 (em3 
_ em2 )
C = F- 1  C3
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Figure 2.3.5 General Relationship y. y(a,B) for Copper Leads and
Load line y = (0.014)a for Liquid Helium as a Coolant.
49
6r - - r - - 7 i--- -
I 71 6 1 1 71
thI- -----
Curve 1: beta=0.2, alpha-6.74
Curve 2: beta=0.4, alpha-9.225
Curve 3: beta=0.6, alpha=11.5
Curve 4: beta=0.8, alphal13.54
Curve 5: beta=0.83, alpha-13.8
I Curve 6: beta=0.9, alpha=14.435 I I 5
4 1 - -Curve 7: beta=1.0, alpha=15.31-- - - - - + -4
I I I I I I I I I I
I I . I I I II I I I
S I I I I I I I
4
I - 4- 4 -4 - - -I
-- 4---4-- - ------ - - -- ---
~~:16
0 .- 0.3- ~~~~ -- -'- - 0.9
0 0.2 0.4 0.6 0.8
Normalized Distance Along Lead, h = x/Y
Figure 2.3.6 Dimensionless Temperature Profiles for Operating Points
at Succpssively Higher Currents (F = 66.05, y = 0.014 a).
Melting of Copper Occurs at e 4.57.
50
2,3 2 a2
Equations (2.3.5) and (2.3.6) are the solutions for the temperature and also
determine the temperature gradient at the cold end. The latter, together
with the thermal conductivity determines the heat conducted into the helium
bath and the quantity of helium vapor produced through boiling. This yields
a third dimensionless parameter, y , where:
m h £
Y= k fg (2.3.7)
kA(Th - Tb)
h = latent heat of vaporization
This parameter is related to a and a by:
C1 b + ct/(2F) if (4aF/a 2 ) > 1 (2.3.8)
C2m2 + C3m 3  if (48F/a2) <1
Equation (2.3.8) relates the three parameters y, a and B once the slope of
the resistivity function is specified by selection of F. For copper, F =
66.05 is a reasonable choice and was used with Equation 2.3.8 to plot the
family of curves in Figure 2.3.5. Note that when all the material properties
and lead geometry are chosen, 8 is proportional to the current squared and
a and y are each proportional to im. Because of the latter proportionality,
a load line for the system exists (see 2.3.2 and 2.3.7) such that
y = Ka
where K h fg (2.3.9)
(Th.~ b) C
For hot and cold end temperatures of 300 K and 4.2 K, respectively, and for
liquid helium (i.e. - h = 21.7 J/g and C = 5.2 J/g K), K = 0.014.
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Equation (2.3.9) is then, the straight line through the origin in Figure
2.3.5. Intersections of this line with the constant a curves represent
operating points for the generalized lead at successively higher cutrents
(i.e. - O's).
Temperature profiles for the lead may be determined by substitution
of (a, 5) for an operating point into Equations 2.3.5 and 2.3.6. These are
illustrated in Figure 2.3.6 for successively higher operating points. For
low S's (i.e. - low currents), the temperature increases monotonically from
the cold to the warm end because the situation is dominated by conduction
from room temperature. For higher 5's, the ohmic heating is more intense
and the temperature profile passes through a maximum. The assumption of
fixed end temperatures is approximately correct because of the presence of
the liquid helium bath at the cold end and of the heat sink represented by
relatively massive bus work at the warm end. The melting point of copper is
about 1080 C which corresponds to a normalized temperature of 0 = 4.57.
Hence, curve 4 in Figure 2.3.6 corresponds to an impending burnout condition.
Table 2.3.1 gives the materials properties and lead characteristics
assumed for this problem. These were used with the maximum normalized
temperatures from the profiles in Figure 2.3.6 and the corresponding values
of a to generate Figure 2.3.7 which gives the estimated maximum temperature
vs current for this lead. The burnout condition is indicated at 1360 K which
corresponds to 8560 A. This is within 5% of the measured value of 8950 A
(Figure 2.3.3), but requires that an adjustable parameter be included to
compensate for modeling inaccuracy. This was done by defining an effective
lead cross-sectional area which was larger than the actual by a ratio of
1.72, empirically determined to obtain a good match to the measured burnout
current level. Refinements to the model to remove this factor will be
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TABLE 2.3.1
MATERIAL PROPERTIES AND LEAD CHARACTERISTICS
lead length, k [cm]
lead cross-sectional area, A [cm 2]
lead warm end temperature, T [K]
lead cold end temperature, Tb [K]
resistivity at T = Tb, "o [acm]
thermal conductivity, k [W/cm K]
specific heat, C [J/g K]
latent heat of vaporization, bfg [J/g]
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1.926
300
4.2
3 x 108
3.5
5.2
21.7
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considered in the future.
The general criterion for burnout is derived from 6 = 0.8 (i.e. e =
4.57) for a helium vapor-cooled copper lead with warm and cold end temper-
a'tures of 300 K and 4.2 K, respectively. This may be rewritten for the
burnout current level, I bo as follows:
bo-A (O.8)k0 (Tb Tb)
I A Kb (2.3.10)
where Kb = (A effective/A) 1.72
This model produced a good correlation for burnout current level in this
case but should be tested for other situations before generality is assumed.
Note that temperature profiles are likely to be in error at the lower end of
the temperature scale in particular, because of the strong nonlinearity in
thermal conductivity and specific heat in this range. This may also affect
the analytically predicted vs actual boiloff rate. Future work will consider
improvements to the model to remove the empirical factor, Kb. Possible
refinements include heat conduction along the lead length through the gas
and stainless steel lead jacket and/or the effects of sonic choking of the
coolant gas at the vapor outlet.
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2.4 Acoustic Emission
In view of earlier indications from smaller scale tests that acoustic
emission sensors can provide global monitoring of coil performance, we have
mounted sensors on several large magnets as part of our program. Character-
istic signatures from devices of this type monitored on successive magnet
cycles may be able to imply impending failure in the same way that historical
comparisons of voltage/current and field profile data on some conventional
magnets have been used at FBNML. Output may also be able to be correlated
with quench conditions so as to provide a means for quench discrimination
relative to other system "signals."
In FY81, sensors were mounted on the 400 MJ yin-yang coil system at the
Mirror Fusion Test Facility (MFTF). Data from this system was collected when
it was run in early 1982 and data analysis was initiated to try to (1) identify
a characteristic signature for the system on repeated charging, (2) correlate
output with impending quench conditions (if any) and conductor motion, and
(3) evaluate means for correlating signals from multiple sensors to triangulate
for source location.
This task is a minor part of our safety program*. It is of interest
because it is a potentially useful technique for quench detection and discri-
mination, but is viewed as an area requiring long term development.
The material which follows is based on a draft of a paper to be presented
at the 1982 Applied Superconductivity Conference (Y. Iwasa, N. Tamada, J. Lore,
and J.A. Horvath, "Acoustic Emission Data from the MFTF Magnets").
The first pair of yin-yang coils for the Mirror Fusion Test Facility
* Less than 10% of our FY82 Safety Program Funding was contributed to this
task.
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(MFTF) at Lawrence Livermore National Laboratory (LLNL) was successfully
operated this year: As part of our safety program, the magnet was instru-
mented with an AE sensor array. The magnet is the largest nonsolenoidal
magnet constructed to date with a total mass of 341,000 kg and stored
energy of 409 MJ.1 Figures 2.4.1 and 2.4.2 show an outline of the
magnet pair and the sensor locations. The sensors, developed at FBNML, are
similar to those used in previous monitoring efforts2- 6 and consist of
a piezoelectric ceramic disk, enclosed in a copper jacket to shield electro-
magnetic interference.
Figure 2.4.3. shows a block diagram of the data acquisition apparatus
used to record AE and voltage data during charging of the magnet. Signals
from the AE sensors are amplified twice before being recorded on a multi-
channel, high frequency tape recorder. Voltage signals from balanced voltage
taps on both coils were also recorded. A 4-channel digital transient
recorder/oscilloscope allowed real-time monitoring of selected AE and voltage
channels.
1 C.H. Henning, et al., "Mirror Fusion Test Facility Magnet," Proceedings
of the Eighth Symposium on Engineering Problems of Fusion Research,
San Francisco, CA, Nov. 13-16, 1979.
2 0. Tsukamoto, and Y. Iwasa, "An Acoustic Emission Technique to Localize
Mechanical Disturbances in Superconducting Magnets--a Review," Stability
of Superconductors, Intn'l. Inst. Refrigeration Commission A 1/2
(Saclay, France 1981). p. 259.
3 0. Tsukamoto, M. Steinhoff, and Y. Iwasa, "Acoustic Emission Triangulation
of Disturbances and Quenches in a Superconductor and a Superconducting
Magnet,: Appl. Phys. Lett. 40,(538),1982.
4 0. Tsukamoto, and Y. Iwasa, "Sources of Acoustic Emission in Superconducting
Magnets," Appl. Phys., (to be published January, 1983).
5 0. Tsukamoto, et al., "Origins of Acoustic Emission in Superconducting Wires,"
Appl. Phys. Lett., 38, (9), May 1981.
6 H. Maeda, et al., "Lorentz Force Induced Strand Motion in a Superconducting
Cable," IEEE Pub. No. 801CH1715-2, NPS, 623, 1981.
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After the sensors were attached to the magnet, they were checked for
proper response and sensitivity. Impacts were applied to the magnet case
surface at various locations. The outputs of a movable slave sensor mounted
at the impact location and selected sensors were recorded by the transient
recorder. Figure 2.4.4 shows calibration traces. From this calibration the
dominant wave velocity was determined to be 3000-3300 m/s, corresponding to
the surface wave velocity in steel.
With the large amount of data recorded for the MFTF magnet test, a signal
processing technique was developed with the following capabilities:
i) detection of AE events within the relatively noisy AE signal,
without relying on magnet voltage transients. AE events can
then be identified as conductor-motion AE with an accompanying
voltage transient (oscillograms of Figure 2.4.5) or structure-
related AE, without associated voltage transient (oscillograms
of Fig. 2.4.6).
ii) monitoring of 6 AE channels and parallel moniotring of two
voltage signals simultaneously.
iii) Determination of sensor at which an AE event appears initially,
approximately locating the source of event.
iv) determination of magnet current and point in charging sequence
of event occurrence.
Figure 2.4.7 shows a block diagram of the signal processing used for the
MFTF data. Data from the tape is played back through a high-pass filter and
into a 6-channel signal processor. The processor performs event detection,
distinguishes between conductor motion and structural events, and determines
the AE sensor with initial signal arrival in real-time. This information is
then passed to a minicomputer which stores event information together with
time of occurrence, posts event location and type on a video terminal, and
updates a graphics display showing cumulative information on conductor
motion and structural activity for each monitored sensor.
Due to noise and signal problems with data from earlier charging
sequences, the AE analysis was focused on the chargings to the highest currents,
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0-5250 A and 0-5775 A. Based on overall activity level, the 12 sensor array
can be separated into four groups.
Inactive - sensors 1, 3, and 7 detected little or no activity.
Diminished sensitivity was apparent for sensors 1 and 3 from
sensor calibration, while no information was available for
sensor 7. The absence of activity was probably due to sensor
defects and/or amplifier problems.
Marginally active - sensors 9 and 10 showed definite AE acti-
vity during the signal processing, but with events occurring
infrequently compared with more active sensors. Several
hundred structural events were detected on each during the
charging sequences, with negligible conductor motion activity.
Calibration results showed the response of sensor 9 to be com-
parable with other active sensors, while no information was
available for sensor 10.
Active - sensors 2, 4, 5, 6, 8 and 11 showed comparable AE
.activity with 1000-3000 structural events and up to 800 con-
ductor motions detected on each sensor during a charging
sequence. Calibration results showed similar response for
sensors 5, 6, 8 and 11, while sensor 2 was less sensitive and
no information was available for sensor 4.
Very Active - sensor 12 showed an unusually high level of
structural activity not corroborated by other sensors. Beha-
vior was similar for both sequences with n, 2000 events detected
up to currents of 2000 A. Sensitivity of sensor 12 is comparable
to the active sensors and the high activity is probably due to
a localized noise source very close to sensor 12.
Structural activity and conductor motion as a function of magnet current
differed markedly. Structural activity for active sensors displayqd- a mono-
tonically increasing behavior with numbers of detected events differing from
sensor to sensor due to variations in sensitivity, detection levels, and
actual AE distribution over the magnet. The level of structural activity
detected was 2-5 times greater than conductor motion on a given sensor.
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In contrast, conductor motion activity on active sensors exhibited a
linear dependence with magnet current. While conductor motion induced AE
has been studied in some detail, 7-9 the sources of structural AE in super-
conducting magnets is less well understood. The major sources of structural
AE are presently thought to be epoxy-cracking and debonding, AE released by
stressed areas of the magnet structure and welds, and external noise sources.
Generally, AE activity detected on a given sensor was similar and
consistent over the analyzed sequences. Figure 2.4.8 shows cumulative activity
for coil 1 and indicates the degree of repeatability. To observe long-term
changes in AE activity, repeated chargings of the magnet would be necessary.
The repeatable nature of conductor motion activity seems to demonstrate a
reversible nature in coil pack motion.
Cumulative AE events for two selected sensors are shown in Figures 2.4.9
and 2.4.10. On both coils, the most active sensors were found to be located
in the small-radius regions of the coils, with more structural and conductor-
motion activity detected there than in the central regions. This observation
agrees with considerations of maximum conductor loads1 0 and magnet configur-
ation, and magnet voltage monitoring"1 data collected by MFTF staff.
7 R.S. Kensley, H. Maeda, and Y. Iwasa, "Transient Slip Behavior of Metal-
Insulator Pairs at 4.2 K," Cryogenics, 21, 279, 1981.
8 0. Tsukamoto, H. Maeda, and Y. Iwasa, "Micro-Slip-Induced Degradation in
a Braided Superconductor," Appl. Phys. Lett., 39 (11), Dec. 1981.
9 0. Tsukamoto, J.F. Maguire, E.S. Bobrov, and Y. Iwasa, "Identification of
Quench Origins in a Superconductor with Acoustic Emission and Voltage
Measurements," Appl. Phys. Lett., 39, (2), July 1981.
10 J.A. Horvath, "Mechanical Behavior of the Mirror Fusion Test Facility
Superconducting Magnet Coils," Proceedings of Winter Annual Meeting,
ASME, Chicago, IL, Nov. 1980.
11 T.A. Kozman, et al., "Testing of the MFTF Magnets," Proceedings of the
Ninth International Cryogenic Engineering Conference, Kobe, Japan,
May 11-14, 1982.
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In general, sensors on coil 1 showed more conductor motion activity than on
coil 2.
The AE monitoring technique was used to gather information during testing
of the MFTF superconducting coil. A real-time event location and identifica-
tion processing technique was applied to the data yielding useful information
on magnet integrity and performance. The results agree with other independent
monitoring efforts. Further development is required in sensor calibration
procedures and signal processing to provide better resolution of disturbances
and amplitude information. With distinction between conductor motion and
structural AE signals, the AE monitoring technique provides a unique method of
monitoring both coil pack and magnet structure performance.
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2.5 Joint MESA/MIT Safety Activity
MIT performed safety analyses this past year under a separate subcontract
to MESA Corp. The prime contract was technically monitored by INEL and a
separate report* was prepared. The latter may be referred to for a more
extensive discussion of the material in this section.
The activity focused on the LCTF at ORNL which will involve six different
superconducting coils. These coils model many of the features which will be
incorporated in future toroidal field coils. The facility provides complete
cryogenic, electrical and diagnostic support for the 700 MJ coil system.
Operational safety and controlled discharge is of the utmost importance.
One of the first steps in performing the safety and protection studies
in this program was to define the major subsystems to allow definition of
system safety interfaces. Pathways for failure propagation were then identi-
fied and potential initiating events were defined. Figure 2.5.1 shows the
subsystem interface diagram.
In general, cryogenic components are shown toward the left side while
power and electrical equipment are on the right. The main vacuum tank together
with the coils and other major components internal to the tank are shown in
the center. For simplicity, individual systems with similar functions and
characteristics are shown as one block. For example, there are three individual
force-cooled superconducting coils which are shown as one block and six indi-
vidual power supply circuits shown as one string of blocks (Subsystems 23, 22, 21).
The subsystem functional breakdown described in Figure 2.5.1 was
developed through a series of interviews and reviews with LCTF management
and engineering staff. During these interviews, a series of questions was
* J.B. Czirr, R.J. Thome, and R.W.. McNamara, "Large Coil Test Facility
Fault Tree Analysis." MESA Corp., Orem, Utah, May, 1982.
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asked and discussed with one or more people familiar with the design and
operation of each subsystem for the purpose of identifying potential problem
areas and failure modes.
Failure initiators were classified for the purposes of discussion as
boundary events occurring outside the subsystem or internal events involving
failure of a component within a subsystem. Failure impact within the sub-
system was discussed as well as its influence on subsystem function since
this could affect overall system operation. A summary of the topics used
to initiate discussion is given in Table. 2.5.1.
Questions in other areas were originally included in the list, but sub-
sequently deleted. For example, categories such as explosion damage, radi-
ation damage or degradation of chemicals within subsystems were deleted
because of a general lack of failure sources in those areas. Lightning and
voltage pulse effects were deleted under the assumption that the building and
building services are sufficiently protected to isolate these effects from
facility components.
A key for the responses to the questions is given in Table 2.5.2 while
Table 2.5.3 deals with boundary events and Table 2.5.4 considers internal
initiators. In Tables 2.5.3 and 2.5.4, subsystems are listed in rows and
each column is headed by a word or words corresponding to events in Table
2.5.1. A blank entry implies little or no subsystem sensitivity to a
failure in that category; an "X" implies some subsystem senditiivity; and an
"**" implies that some subsystem components may be particularly sensitive
to the type of failure initiator indicated. No entries are given for
Subsystem 30, Building Services, since no primary faults for building
services were included in the study. - Outputs from building services were
considered as boundary inputs for other subsystems and are subject to
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Table 2.5.1 Questions Relative to
Subsystem Sensitivity
Boundary Events
A. Local Fire
B. Electrical Power Loss
C. Loss of Other Utilities (e.g. - water, air, . .
D. Missiles
E. Earthquake
F. Inundation by Water
Internal Events
G. Thermal Cycling Fatigue
H. Mechanical Cycling Fatigue
I. Mechanical Abrasion
J. Defective Materials
K. Adulteration of Chemicals or Phase Change
L. Arcing and Sparking
M. Improper Assembly
N. Improper Operation or False Signal
0. Unbecoming Acts
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Table 2.5.2- Key for Tables 2.5.3 and 2.5.4
little or no subsystem sensitivity
sensitivity of some subsystem components
components particularly sensitive
considered as boundary events
to be considered in future studies
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Table 2.5.3 - Summary of Response Matrix - Boundary Events
(Question A - F)
stion
4, 4
~raae x x
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2 Compressors x x ** x x *
3 Primary Cold Box x x x
*4 -2000., Dewar ._x
5 5000 Gal. Dewar
6 Purifier x x x
7 Vacuum (for 8 & 9) ** **
8 Aux. Cold Box x x x x x
9 He Valve Box x x
10 He Dump Tank
11 LN2 System x - x x
12 LN2 Console x x
13 Vacuum (for 20) ** **
14 Pulse Coil Cooling x-
15 Pulse Coil x x x
16 Pool Cooled Coil -- -- -- - - --
17 Force Cooled Coil -- -- -- -- --
18 Cold Wall x
19 Test Stand x
20 Vacuum Tank x ** x
21 V.C. Leads & Dewars x x x x
22 Dump Circuits x ** x x
23 Exp. Elec. Power x ** ** x x
24 Pulse Coil Power x ** ** x x
25 Heater Power x ** ** x x x
26 Clean Power x x x
27 Inst. ? Control -- -- -- -- -- --
28 Data Acquisition -- -- _-- -- _-_--
29 LN2 Tracing
30 Bldq. Services -
31 Access Interlocks - _- -- --_ -
32 Intercom. -- __-- --
Table 2.5.4 - Summary of Response Matrix - Internal Events
(Questions G - 0)
W
C, C ,
question
system
1 GHe Storage x x X X X
2 Compressors x x ** X ** X
3 Primary Cold Box ** ** **
4 20001 Dewar x X
5 5000 Gal. Dewar x x
6 Purifier x x **
7 Vacuum (for 8 & 9) x
8 Aux. Cold Box x X x X
9 He Valve Box **
10 He Dump Tank * x x
11 LN2 System x x ** **
12 LN2 Console * **
13 Vacuum (for 20) x
14 Pulse Coil Cooling x x
15 Pulse Coil ** ** ** x x X
16 Pool Cooled Coil -- -- -- -- - -- -- - --
17 Force Cooled Coil -- -- -- -- - -- -- --
18 Cold Wal.1 x X
19 -Test Stand ** **
20 Vacuum Tank x X
21 V.C. Leads & Dewars x x ** x x x x
22 Dump Circuits x x x x ** ** X
23 Exp. .Elec. Power x x X
24 Pulse Coil Power x x x x x
25 Heater Power x
26 Clean. Power x x x x
27 Inst. &-Control -- -- -- - -
28 Data Acquisition -- -- -- -- -
29 LN2 Tracing
30 Bldg. Services
31 Access Interlocks -- - -
32 Intercom. -- - - -
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interruptions, but without consideration of cause. There are no entries for
Subsystems 16 and 17, the superconducting coils, since they will be the
subject of a future study. There are no entries for Subsystems 27, 28, 31
and 32 since their characteristics were subject to change at the time infor-
mation was gathered for this study; hence, they shall also be considered in
future work.
The level of sensitivity indicated in Tables 2.5.3 and 2.5.4 is based
on the subjective judgment of people taking part in the interview process
using subsystem and facility characteristics as defined and understood in
December, 1981. The referenced report contains further comments and explan-
ations of some of the matrix elements including technical observations which
should be reviewed relative to facility operational philosophy and safety.
In general, however, the following statements apply.
1. Components susceptible to fire usually involve: a) accessible
wiring,. b) subassemblies which might develop short circuit
conditions if sprayed by water from the sprinkler system, or
c) components with hoses or seals which might be heat sensitive.
2. Loss of power generally affects power input as well as control
functions. Local power .interruptions, for example, to the
compressors, lead to a coil system discharge.
3. Loss of other utilities is alarmed and/or interlocked on some
systems and can lead to a coil system discharge. Air supply
is critical for valve operations in many subsystems or, for
example, in the dump circuits for circuit breaker operation.
4. Missile damage was viewed as possible for subsystems located
where truck, forklift or crane hook access might lead to
accidental damage to protruding components or to interface
lines such as piping or wiring. Possible short circuit initi-
ation due to case or chassis deformation on electrical equip-
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ment was also cited.
5. Potential earthquake damage was usually attributed to subsystems
containing components subject to strong dynamic response or
systems with hard interface joints, for example, bolted connections
to solid bus.
6. Inundation by water was generally not considered a problem except
for subsystems located where minor flooding or water main breakage
had occurred in the past.
7. Thermal and mechanical cycle fatigue appeared as a concern for
many subsystems, but was felt to be covered by proper design
criteria. Concern was also voiced over the large quantity of
welding required (e.g. - in cryogenic lines) at installation and
the difficulty of small leak detection and location.
8. Potential abrasion problems primarily revolved around equipment
with sliding electrical contacts such as circuit breakers or
the pulse coil system.
9. Defective material problems were a concern relative to components
which could affect helium purity or to components with critical,
one-of-a-kind mechanical features.
10. Phase change sensitivity was greatest for components subject to
malfunction in the event of solid formation such as "ice" buildup
in helium components.
11. Arc sensitivity was primarily centered in electrical equipment
which was generally considered as adequately protected, but
alarmed and interlocked to cause coil system discharge.
12. Improper assembly, improper operation, and unbecoming acts were
categories which received responses for almost all subsystems.
Diverse concerns were expressed which are not easily generalized;
hence, specific matrix elements are discussed in the report
referenced earlier. Quality control during installation, as well
as standard manual and automatic procedures during operation,
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should be prepared to nullify these concerns.
The information gathered in the interviews and summarized in Tables 2.5.3
and 2.5.4 was used by MESA Corp. to produce a conventional fault tree analysis
for the cryogenic system which represents " 20% of the LCTF. A less conven-
tional, computerized "SAGE" Analysis was also begun. Preliminary results were
generated and will be reviewed and refined during FY83.
2.6 INEL Support
During the course of our activity at MIT, our group becomes associated
with every major magnet program in the U.S. either through direct participa-
tion or in a review capacity. As part of our safety program, we accumulate
magnet safety informatton and provide it to INEL. Examples submitted in the
past year involve data on MFTF-A, MFTF-B, EBT-P, LCTF, FED and INTOR.
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3.0 Possible Future Work
3.1 Monitor 30 T Hybrid
The 30 T Hybrid is a well-instrumented large coil which presents the
rare opportunity to gather detailed performance data on a coil system with an
internal short circuit. This effort was initiated in FY82 and is proposed
for continuation in FY83 so that possible changes in characterstics may be
documented and analyzed and/or so that operation under different charge or
discharge scenarios may be considered.
3.2 Arc Voltage/Cuttent Characteristics in Simulated Windings
Winding construction details and circuit parameters conducive to arc
initiation or extinction is an area of general interest for all large super-
conducting magnets and necessary for safety related system analysis. This
activity will continue in FY83 with models simulating a large conductor
winding package constructed with intentional flaws to allow measurement of
typical levels for initial short circuit resistance. The models will be
operated in a liquid helium environment and be subjected to arcing conditions
with and without applied magnetic fields. Initial tests have begun to measure
voltage at the time the arc is extinguished as a function of gap distance,
field orientation and field level. In FY83, a master's level thesis will be
initiated to continue this effort. Effects which will be considered for
variables in further tests are: electrode gap width, electrode geometry,
current level, and contamination.
3.3 Small Scale "Football" Conductor Test
The "football" test concept revolves around the use of a noncircular or
"football" shaped winding model excited in an applied magnetic field. The applied
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and self fields tend to force the winding into a circular configuration. If
the deformation is restrained, full-scale load conditions can be developed.
We propose to demonstrate this type of test by constructing a model using a
conductor with current > 4 kA in an 8 T background field provided by a 10"
diameter Bitter solenoid. The conductor will be allowed to deform mechan-
ically to a deflection limit or to failure and arcing while monitoring voltage,
deflection and temperature. Material damage in the arcing process will be
analyzed. Consideration will be given to both pool-cooled and internally-
cooled cable conductor. The decision on configuration will be made early in
FY83.
3.4 Joint MESA/MIT Safety Activity
MIT has submitted a proposal to MESA Corp. to participate in their
Safety and Protection Program for FY83. We anticipate that this will be a
continuation of the previous year's effort which focused on large super-
conducting systems in general and the Large Coil Test Facility in particular.
We expect this year's program to involve the design of the individual coils
from the U.S. manufacturers together with updated information from ORNL on
their control and data acquisition systems. We shall provide information
for discussion of major accident pathways and initiators, select fault
conditions or accidents to be considered and review event trees, fault
trees and analyses performed by MESA Corp. In addition, we shall use our
multiple coil, transient analysis code to evaluate electromagnetic effects
in the LCTF under selected short ciruit fault conditions.
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